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1. Research Objectives
Our research objectives, as stated in the work statement of our proposal, were:

1. Demonstrate white light grating interferometry method of phase-amplitude

recording using phase and phase amplitude objects from various areas, including

engineering and biological. .
2. Extend the white light and incoherent optical processing concepts into such areas Y
as robotic vision and phase conjugation, as well as into other areas of image pro- ——--1
cessing. a
3. Investigate the SNR for incoherent optical processing systenis in the presence of :
artifact noise, detecicr ncise, and bias build up, and determine the significant :"“
‘parameters, such as space-band width product of the system impulse response. '; : j
4. Compare the SNR for the coherent case, polychromatic achromatic coherent case, - B
and the extended source incoherent case, and characterize the situation when the :
coherent (monochromatic or polychromatic) is advantageous and when the v J
incoherent is advantageous. ]
5. Examine the trade off between resolution and SNR. ....,.j
8. Conduct experimental comparisons between coherent and incoherent processing 'V.‘J
to verify the analytic conclusions. .
2. Accomplishments
We gave attention to all of the above areas, except #5, with stress on item 2, 3, 4 o
—

and 6. In the context of carrying out these investigations, we developed ideas that f

were not in the original proposal.

Our principal accomplishments for the year have been:
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We adapted our method for doing reduced-coherence phase conjugation to real

time processes, and we conducted experiments to verify the ideas.

2. We carried out an extensive analysis, development and experimental program on
the method for recording in spatially incoherent light the Fourier transform of an
object. This method, conceived in the closing days of the previous year. works as
if the light were coherent, even though the light is in fact coherent. For example,

it works on the light amplitude and it preserves phase.

3. We discovered, about a year ago, a method for making holographic optical ele-
ments in spatially incoherent light. Much of our effort for this past year has been
in developing and extending this idea. In the process, we investigated the SNR
achievement in making HOES with incoherent light as opposed to coherent light.
In short, we carried out much of the work suggested in items 3, 4 and 6 of our

work statement within the context of HOE construction.

4, The white light spatially incoherent grating interferometry method for recording
phase amplitude image was applied to image plane holography with successful

results.

3. Real Time Aberration Compensation (Phase Conjugation)
with Partially Coherent Light

The phase conjugation imaging technique has the capability for producing
diffraction-limited resolution even in severely aberrated imaging systems. In this tech-
nique, various beams are mixed in a non-linear medium. An object-bearing beam. pass-
ing through the medium, generates a conjugate beam u®, which retraces the path of
the original beam u, and the aberrations in u* are then compensated by the aberra-
tions of the imaging system. This process, carried out in real time is similar to a pro-

cess developed in static holography in 1965.3
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t The process in a basic way requires coherent light, which is poor for imaging.
. First, coherent light, when interacting wilth a diffuse material, either by reflection from
it or transmission through it, acquires a speckly appearance. Second, any scattering

or perturbing structure along the optical path results in noise thal overlays the image.

! - There appears to be basically two alternatives in imaging through an aberrating
| system. First, we can carry out the imaging process in a conventional way, using
incoherent light, thereby achieving a good signal to noise ratio, but degraded resolu-
tion. Second, we can carry out the process in a phase conjugation process with
coherent light, thereby achieving improved resolution but a poorer signal to noise

ratio.

One solution to this problem was given by Huignard et.* In this method, one in
effect makes a sequence of hundreds of exposures, each with a different noise function.
The recording medium adds these, giving a resultant where the noise is reduced by the

averaging process.

Our method achieves a comparable result using an essentially different principle
Instead of making a large number of coherent operations in sequence, we perform a
single operation with light of reduced spatial coherence, and possibly also of reduced
temporal coherence. This method is an adaptation of a method described in last year's

report for static holographic imaging through a phase-distorting medium. Here, we

modify the earlier result by adapting it to real time operation, principally by the use of
a Mach Zehnder interferometer in place of the grating interferometer previously used. ' 4

The light loss is thereby reduced by an order of magnitude.

-

The method, in the embodiment we have used for its demonstration, is shown in
Fig. 1. Light from a laser source is passed through an interferometer that splits the -
incident light into two beams, then recombines them. The first element is a beam -—

splitter, and the remaining elements are mirrors that redirect the beams so that they




4asvi

waysis orseqg ayg *1°¢ °bra

'1a 1 w

sq




are brought together again at the plane of the phase conjugating medium. One of the
two beams is the object beam, which contains an object and an aberrated imaging sys-
tem, as well as some noise, resulting from such various defects as dust, digs and
scratches on the lenses, etc. Lenses Ly and L,, arranged in the telescopic configura-
- tion, image the object O onto the phase conjugating medium P. Mirror M, reflects the
reference beam back on itself and as it passes again through the conjugating medium,
a conjugate beam u®* is generated. The conjugate beam travels through the imaging

system in reverse and forms an image.

The object beam carries the image, the aberrations and the noise. ideally, the
k image information should be perfectly passed, so that a high resolution image can be

formed. The phase error, too, should be preserved, so that it can be cancelled in the
conjugation process, thus permitting the high resolution that we seek. The noise, how-
ever, should be reduced, i.e., smoothed out, so that it no longer degrades the image.
We can, for example, reduce the noise by reduciﬁg the spatial coherence of the light;
indeed, complete spatial incoherence would essentially eliminate the noise entirely.
However, the reduction in coherence would also partially destroy the image and phase

error information that is to be transferred onto the conjugate beam.

However, by forming an image on the conjugation plane, the coherence require-
ments for preserving the image information become nil--perfectly incoherent light
would do. The aberrations, on the other hand, originate at a plane other than the

object plane; indeed, the aberration sources are distributed, arising from entire

regions rather than from single plane. Thus, the aberration sources are not imaged at

the conjugation plane.

The aberrations are slowly varying; therefore, they require only a low degree of

coherence for their preservation. The noise, however, is generally of higher spatial fre-

quency. Therefore, we expect that the spatial coherence can be reduced to a dejree
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surh that Lhe noise is significantiv reduced, but that the abe.rat:on s es=. rii. i

1
areccrved Indeed. o the aberra’ions « ¢ varving sufficierll, ~tosly, considoralt
redaction in cohererce is permissible, with good aberration preservation ilong vith 1n

ern:rmaous noise reduction.

We can reduce the coherence of the source in one of the many ways: the simple:t
15 lo piace a rotating ground glass in the beam near the source point. The degree of
coherence reduction depends on how far the ground glass is from the soutce. Anotncr
point tiwat 15 important in the prescnt context 13 that this method supposes thie field o
rhanze rapidly compared to the timoe constant of the conjugalion procrss. Dtherwis:
tire process will be a sequence of coherent recordings, instead of a single recordinz

with partially coherent light.

The reduced coherence will tend to destroy the interference fringes preduned at
the conjugation plane by the surnerpozition of the object and reference heams "fow-
ever, the inlerferometer of Fig. i, which is basically a modified Mach Zchader. is cage-
ble of broad source operation. The production of fringes under broad source illumina-

tion is an important. aspect of classical interferometry, and is discussed in lexts on

interferometry.® If the beams are adjusted so that tre corresponding ruys n ti.e Leo
beams, i.e., rays that come from a single ray impinging on the beam splitter. are
brought back together, then the two beams wil interfere in tnis plare ¢iven wren . he
source has reduced coherence. It has been shown that, for the Mach Zchnder inter-

fercmeter, Lne number of fringes obtained frem a (monochromatic extended source s
approximately”

-1 .
N= (289)2 ()

where A9 is the angle subtended by the source at the collimating lens L. This relatior
allows a large number of fringes, perhaps. several thousand, even for a source that is

meany times larger than what the 3ystem would see as a point scurce.




To perform the experiment. we first construct a contr-elled aberration by conling -
l ] portion oi a gluss siide with optical cerient to a thickness of about "00-T25 mu e s
The ccating, rather irrcgular in thickness, provided en aberration that veried frem
region to region. The object vean'. a few mim in dlamcier intercepled. only a torti.n
. of the aberration plate, and by moving the plate, a suitable aberration :ould he

. injected into the beam.

The system was first Lested using ccnventional, static holography, that is. using
. photographie piate instead cf a phase conjugation material. The object was a grid of +
- fine slits of width ! mm. The hologram was developed and replaced in its original posi-
lion, the object bearn was blocked, and the reference beam was reflected by a mirror
M, back through the system, providing the required conjugate wave. Photographs of
the reconstruction {Fig. 2 ) show the process works as expected. The aberraled image
is shown in 2a, jusl as il appears at the plane of hologram formation. Figures 2b and 2c¢
show the reconstructinn with light of reduced coherence in both the muking and
readout steps. Figure 2b differs from 2c¢ in that the hologram was used in a liquid

gate, that is, a glass plate was fluid-coupled to the emulsion side of the helogram in the

recenstruction process. This greatly reduced the noise [rom surface defecis ~n the
emulsion. Finally, Fig. 2d shows the result when the process was carried out with
coherent light. The phase error compensation is very good, bul the noise level is high. -
By rotating the mirror. M, the reference beain could be aimed in voricus direc- _:
tions, so that the cconjugate beam path could be shifted. thus makuig tihe phase crror j 1
compensation imperfect. When this was done, the principal effect was to preduce cur- 1
ﬁ vature in the slit images, sometimes with some slight broaden.ng {Fig 2) The mirror , j
1 was adjusted until the slit images became straight, whereupon the system was assumed
& to be properly adjusted.
—
1
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Fig.32. Experimental results, using conventional

((L.€.,8tatic) holography. (a) conventional

~-
(not holographic) imaging with partially
coherent light through the aberration, (b)
. imaging using holography and reduced coherence.
Also, a flat glass plate was coupled to the -.‘1
emulsion surface using an index matching ]

fluid, (c) same as b, but without the gl'ass plate,
(d) imaging using holography and complete

spatial coherence,
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For the real time, or phase conjugation process, a thin filr: of nematic hiquid Crx-

stal was uscd us the phase -onjugition medium.? in conjuncuon witn ar argen o
(0148 A line) vith an optimum power of 3.0 watts. The laser was div'ded equaliy inte toe
reference and object beams. The total laser power (objecl, reference and recoustruc-
tion beari.s all together) incident on the nermatic film, after passage througn the cpu-
cal system, was about 0.2 watts. a second beam =zphtter BSI was placed between the
object and the mirror M3 so as to separate the phase conjugated imaze from the
. object. The hquid crystal MBBA {p-methoxbenzylidene-p-n-butylaniline) was homeo-
tropically aligned, with th: director axis parallei to the piene acfined by ‘he 'weo
incident beam propagation vectors (reference and object) and tie optic. velarization
F: cf the beams was normal to the director axis. For this configuration, the nonlinez:ily
arises from the thermal indexing effect? {i.e., d n /dT. where 1 is the refractive index

“for the VBBA

\

film was about 0.1 percent at room temperature, but it can be increased by raising the
temperature to close to the nematic + isotropic transition. Typically a diffraction {or

wavefront conjugation) efliciency of about 3 percent is obtainable.

We show experimental results using two different objects. Figuire & < ows 1e uits
using as an object just the laser beam, a circular distribution of light about I mrm n
diameter. The aberrated beam, the phase conjugation beam using iight of red iced

spatial cohcrence, and the phase conjugation beam using coherent light ere <hown ir

Mgs. 3 a,b, anau ¢, respectively. The noise reducticn in the incoheent case is quite evi-

dent.

Figure 4 shows similar results except that the object was a slit. Again, the phase =
conjugation image using light of reduced spatial coherence has resoluuion just about as o

good as for the coherent case, and the signal to noise ratio is much superior.




........

Fig.33.

Phase conjugation results, using a circular
aperture for the ob;iect.. (2) photographic record
of the object, after imaging through the »
aberrating medium, and using light of reduced
coherence, (b) phase conjugation imazing with light
of reduced spatial coherence, (c) same as b, but

with completely coherent light, B

a - ko PR U RS
- Scmoshi, Aneomecionsraainbtomaiiotrmsiouiiotia -~ - a




Fig’.4 4

Image of a slit (a) formed with incoherent
light, (b) forn1ed1ising phase cohjugation with
light of reduced coherence, (¢) formed using

phase conjugation with completely coherent
light,

R
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4. Fourier Transforms with Spatially Incoherent Light

Toward the close of last year's reporting period we invented a new method for per-.
forming Fourier transform holography with monochromatic, spatially incoherent light.
This idea has now been developed and explored. A complete teatment is given in the
doctoral thesis of G. Collins. Here we describe the main features. The system is the
first true spatially incoherent counterpart of conventional coherent holography in that
it is linear in the complex amplitude of the object. As a result, all the capabilities
which characterize conventional coherent holography are preserved in this system.
The physical realization of the proposed technique is also quite similar in many
respects to a conventional coherent holographic system. The system uses the unique

properties of a grating interferometer to achieve the objective.

In the past, a number of systems were described for.doing quasi-holography with
incoherent light. None of these systems were true holography; none of them employed
a separate reference beam, and were thus unlike conventional holography, and did not
preserve the phase of the object distribution. The system we have developed is basi-
cally different; it does employ a coherent reference beam, and there are a number of

interesting consequences that result.

The basic system consists of the interferometer shown in Figure 4.1. The incident
illumination is from a spatially extended (incoherent) source and is quasi-
monochromatic. It is assumed that the source is not so spatially broadband that the
beams cannot be separated within the interferometer. This is a practical consideration
only, and is otherwise unnecessary for the proposed technique. The ideal system
behavior requires that the incident illumination be completely (spatially) incoherent as
would be the case if the source were infinitely extended. In actual practice, the beam
separability requirement can be satisfied as the idealized behavior is approximated to

any degree of accuracy, by constraining the spatial bandwidth of the object amplitude
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’ X
x

Tilted recording plane - A
e
Gz 'A(l)\

Quasi- monochromatic,
spatially incoherent
incident illumination

Fig.4.1. The interferometric system for recording
holograms in quasi-monochromatic, spatially
incoherent illumination. Gl, G2, and G3 are
gratings of spatial frequency fg. tA is the

complex amplitude transmittance of the object.
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transmiltance to be <uitably narrowband with respect to the spatial carrier frequency

of ‘he Sralngs

The basic interieromecter, cornposed of the gratings Gl, G2, and G3, s Ui grating
equivalent of the clawsical Mach-Zehnder interferometer. The grating Gl =1 lits lhe
incident light into two beams: an object beam, derived from a diffracied or.er, and a
refercnce beam, derived frcm the undilfracted or zero order. The object boam -
pagates to the grating G2 where it is redirected to be:rome parallel with its or:2ina:
direction. It intercepts the object transparency. whicl: assunies the role pli-d hr o
lest seclion in convenlional interfersnietry, and propagates onward The refciercn
beam propagates to the grating G3 where it is redirected, by diffraction, te .ilereept

the object beam.

The basic three-grating interferometer i1s ipitially set up s¢ that, w.thout e
object present, hizh contrast fringes are obtained that are localized at the » = 9 piare
under broad source conditions. It is essential to the proposad technique that the inter-
ferometcr be capable of forming, under condilions of broad source tlumination, pa-
tially invariant, high contrast, strongly localized interference fringes of arbiirarv spa-

tial irequency.

With the object transparency inserted into the system, each spatial frequency of
the amplitude transmittance acts as a grating to diffract. and Lhus redirect, a portien
of the incident light. Considered separately, each of Lhese diffracted beam=s 1aterferes
with the reference beam lo form a unique {constant z) plane of localized fringes. The
geometry of the system is such that the distance z, at which the fringes for a 2iven spa-
tial frequency of the object localize, is linearly proportional to that spatial frequency.
Thus, for an arbitrary object transparency, interference fringes will 2enecally be

formed Lhroughout the beam overlap regicn.

——
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The interference fringe distribution is recorded photographically nn « tilted piane

-

 the heam overlap region. Analisis shows thal the irterference fringes contn g
term. on a spatial carrier, which is proportional to tha Fourier transform of the dif- .
fracted {cr Fresnel) field of the cbject at the recording plane. The: inten:aty distriog-

tion at the recordiny plane is thus, with the exception of the Fourier transform .lu-

X . . . . L . .
3 tionship, very similar to that which would be found in the equivalent, but ccherent holo-

graphic system.

The system is capable of two dimensional imagery within the plane of the rer-
feromeler; t.e., it does not image in the dimension transvetrse to the plane of Lthe inler-
feromeler. Within this plane, however, the imaging process is entirely analcgous to
conventional coherent holography. The systern is linear in, and can reconstrurt an
image of, the .complex amplitude associated with an object transparency. Deptis cr 2
dimension information, 1s preserved in the saume fashion as in conventional helogr aphy
The imaging process is not constrained to a single object plane or distance {a: sne
might expect if the fundamental process were a spatial domain compernsation t~ch-
nique analogous to temporal domain compensation techniques), and ir fa~t, 1s ful,
capable of imaging twe-dirnensional complex ampiitude distributions within the soane
of the interferometer. In short, the system is capable of essentially arbitrary wave-

front construction within this plane.

Experimental results have shown that this system works as theory indiciles, and
nat it works very well indeed. Cur intenticn is Lo apply 1 to such aress as reboc

vision.

5. The Construction and Evaluation of HOES Made in Light of Reduced Cobecrence }

5.1 Intruduction




F'ringes furmed in light of reduced ~oherence, either spatial or lemporai. are less
noi=y taan finges fermed witiv ccherert lisht  Howsever. in gencral, iring:s {ormed in

light cf reduced coherence are usually limited 1n various ways; the fring~s may be of

N lower contrast, fewer in nunmiber, raay exist only cver a small region, or (L ma, prove
F difficult or impossible to modulate .he {ringes. thal s, form fringes of noa-uniferm
spacing such as a zone plate pattern. Here we daescribe two complimentary optic =l i~

tems with which we can modulate fringes to obtain zone plate patterns made us g

interf2rometry with a spatially broad. monochromatic source. Such interfe: - mei. i-
cally recorded zone plate patterns are often called hclographic opiical eleme .t
(HOES) or diffractive oplical elements and have becn finding incteasing apphicaiicn.

Diffraction efficiency and noise level of these elements are also discussed

5.2 System

Initial experiments of this type were discussed by Swanson, who descritzed a
method for modifying the grating interferometer so as to form zone plale struztures
instead of grating structures.! In this method lenses are placed in each branch of the

interferometer so as to image a common plane at the same magnification. but with dif-

ferent curvature being given to the interfering wavefronts. The interferometer coenfi-

guration 1s shown in Fig. 1. For example lenses L; and Ly may be in the telescopic {or J

afocal) configuration, so that P, is imaged to P,y in such a way that a plane wave at P,

becomes a plane wave at Py, . Lens L, also images plane P onto Foy bul in such a way T
that the wave impinging on P, is a diverging spherical wave of radius I, the focal
length of the three lenses being used. The two beams interfere under broad source
monochromatic illumination, but the fringes, being the resuit of interierence between ~ ]
a plane and spherical wave, form, after recording, a diffracticn lens of focal lerath F
Thus t¢ make low noise diffractive lenses, we have at P, & unifcrm distributizn of light

-

No structures are placed at P,, zinc2 such struclu.es would inevilaily contair notse




N R
. s3ybTT @2Inos papuaiIxa utr S3OH butyew I03 wa3sds m».“
. 1°6 *bT4 B
2 . "
. 't
r.‘
: v
1
ﬁ p )
| ¢ 1
g {2
) — [
3 - I ]
| R
d -
n.— 3 L
.:ol s
B - o ML “ @
[}
d
|
1 .
. f— 4 —prf— n —fp— f ~nfu— 4 e ]
g
- )




B S

™

Y

.l

T ——m— - — Py . L R A e e e ettt onragi Sews Redh A A T s tasdh otk bl S L AT o

20

{dirt, scratches, ete.), thus Lthe fringe pattern is very clean when the light source 13 of

reduced spatial coherence.

I'nportant to the incoherent HOE counst.uction miethoud is the ~ange of HOES (hat
can be achieved. We would like to be able to produce any focal length. This is rela-
lively easy. More important is to achieve any range of conjugate tccal planes. Neting
that if ve desire the object and image distances to be d,, and d,,. respectively, then
for besi results the HOE should be made with two interfering beams cenverging to or
diverging from, pcints at these same distances. To avhieve anyv possible set of dy, and
d:m s @a more difitcult problem. It is by no means a priori evident ti-at it has a solution.

For convenience of analysis, suppose the optical systems within the two tranches

of the interferometer Lo be removed; the justificalion is that the interferomeier itser

need not be part of the analysis. All we must do to have these optical systems function

in the interferometer is to impose a few constraints on them so that their prexence

would not disrupt the fringe forming capability of the interferometer. Thesc two opti-
cal systetns are shown in Fig. 2. The top system images plane P; to P, . the {rinac

forming plane, and the lower system images P,’ to Py Ly and L, are imaging sys-

SyS
tems We consider here the various forms that these systems can take, and the cuapa-

bilities and limitations of these forms.

In order to obtain interference with a spatially incoherent menochromatic source,
we require thal at P,,; both beams have undergone the same amount of Fresnel dif-
fraction and that the magnifications of the twe beams be equal. Now, the I'resne! dif-
fraction process cccurs between the source plane and planes P, or P,. Since P and
P, are each imaged to P, . the rresnel diffracticn nrocess stops at £, and P,". Thus, it
is necessary that planes P, and P,' be equally distant from the source. Otherwise, the
interference would be weak or absent. Since the diffraciion paths stop at /7 and 2, we

must allow for the optical path from P, to F,,; and P, to P, to be different, a condi-

: '
L.
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tion that gives a useful flexibility in the realization of HOES with arbitrary conju:ate
focal plane  indeed il s in general necessary Lo auage over different disiar es 5
each arm of thc interferometer, that is, the distance from P, to /% must be differ :nt
than tnatl from /2" to P,y . Since the distances source to P, and source tc P’ itiust be
equal, it follows that the total optical paths must in general be unequal, Lthe path diifer-

ence bwing the difference between the P—F,,; and the P —Fyy; paths.

We have considered two optical systems that fulfill the above requirements. Cne
is a modified version of a grating interferometer setup described by Swanson and the
other 1s a modified version of the Mach-Zehnder interferometer {12 3). where th~ n.ai

beam splitter is replaced with a mirror. Both systems have advantages and drawbacks.

The required optical path difference can be generated in various ways. Such gen-
eration is easy in the modified Mach Zehnder interferometer by simpic positioning f
the various mirrors. To generate a large path difference roquires a tigh degree of
monochromaticity, so that the beams can travel unequal path lengths and still inter-
fere. This idea can be taken to an extreme by making the path length difference e ual
to twice the laser cavity length and compensating fcr Fresnel dffracuon by meaing
over the path length difference with appropriate lenses and unity magificaticn Ta.-
system will produce high contrast fringes in broad sourcé monochromatic illumination

Besides the requirement of a high degree of moniochiromaticity, another disad.antage

of this system is that the number of fringes is limited, being given by V= 7‘3 Twacre

AO is the source subtense at the lens {not shown) that collimates the hght ncident o
the interferometer. For a large A® the number of fringes may be inadequaie  Thero -
no similar constraint for the grating interferometer, which can produce a completely

unlimited number of fringes regardless of source subtense

Actual physical pathlength differences need not be introduced to romipenscte 1nr

differences in Freenel diffractior.. Tnserting a cascade of apprij itale umt:
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rmagnification telescopic imaging systems into the grating interferometer will produce
the dusired I'resnel difiracticn compensation. The disadvariage wiih 'lus systerd -
that multiple lenses iniroduce mcre noise and mcre aberrations, both of which =il

reduce friuge contrast.

A completely general matheinatical analysis of the sysiems is somewhat tedicas
and does not easily yield a simple physical viewpcint. Theie are basically two wen s of
describing the process physically. Each branch of the optical system 1mages the plane
7'y {or ?;) but with a quadratic phase factor. Alternatively we can say that each opu-
ca: system, in additicn to imaging the plane P; {or P;) aiso images the sourc» The
distances dg,. di,, (Fig. 2)from the source image to the plane P,, becomes the

designed conjugate focal planes of the resulting HOE. This viewpeint can lead to some

basic insights as to what range of dyy. %y is possible.

For example, if the incident beam is colimated, where [, and [lg, »f Ty 2
become imaging lenses in each branch of the interferometer for imaging P, and P, ‘¢
P,u . then the source image is found at a distance of one focai length downst:e .m frem
the imaging lens. Thus, by appropriately adjusting the focal lengths £ and #,, any st
of conjugate focal planes are possibie, subject to the constraint that botli source
images are formed to the left of P,,;. This constraint always leads to ~ HOE designed
as a negative iens. This is a severe restriction, as almost ali practicai lenses are post-
tive lenses. Besides, there is no justification far using an incohcerent system for pro-
ducing a negative II0OE, since this can always be accomiplished just as well ant n a
much simpler manner by conventional means, with light diverging from two pinholics a

distance d,, and d;, from the recording plate, and with no optical elements betweer,

either pinhole and plate, there will be no coherence induced noise

The challenge is thus to cause one of the beams to be converging at 7. ¢ . Lave

either d,, or d,, be a negative quantity, thus producing a positive HOE. The philosophy




of accomplishing this is the following. A lens can be considcred as always preser.ing
the scaxc of the imagz Fig. 4). Thet is, wo points 4 inda P, separaled aviagls ere
alwayvs imaged into points A’ and B’ with no axial inversion {i.e., B and B' both forri to
the rigtt of A and A, respectively). Suppose we consider a dynardic situation, in shich
A' und B are imaged continually farther from the lens, which can be accomgtished by
briiginz .he object points A and B continually closer to the lens. when J reaches Lae

front focal plane of the lens, B’ goes to infinity and further movement of 3 towards the

lens results in B' coming in from minus infinity.

We thus have achieved one of the goals, we have effectiv:ly 1nveried A and B,
though the principal stated above has in a sense not been violated, since both \ and B
always moved in the forward axial {z) directicn, without one overtaking the other ve
see that the path is eyclic with the positive and negative ends being conneated wl ilin-
ity Adding more focal power, either with shorter focal length lenses or the addinion of
more lenses. merely moves A and B (here, the source plane and the pline being

imaged) to new positions along the z track.

To apply this viewpoint to the HOE problem, we identify planes A and B w:th the
source image and P,,, respectively, and we place a second lens in each bronch of the
system, which reimages both the source point and F,,. The viewpoint given above
then seems to suggest that the constraint on positive focal length HOLS should be no
greater than that for negative HOES. For the analysis we relurn to Fig. 2 P, anc 7y
are both to be imaged at 75, with equal magnification The sepa.ations /7 -
(labeled d,) and P';~P,,, (labeled dy') can be anything, including negative values. since
it is immaterial what planes get imaged to P, as long as the distance d,'—d, remains
equal to the interferometric path difference, and indeed this pith differerce can be

altered in any way we cnoose.
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Censidering Figs. 2 and 4 one can see that the addition of ane mer: e < wlich
accepts borh beams (Fig. 5) will produce atny positive HOE ddosive dhe rojul ot o
planes are given by d,p and dy, where,
_ )iy _ dafy

Simply by varving f3. d;. and 4, one can achieve any ranze of conj.ugate feeal pleres
desired for a positive lens. The constraint for the HOE to be a positive lens are 7> /f,
and d,<Fj3<d,. The diffraction pathlength difference for this lI2F forining svstom s
seen to be /,; =¢{ F~F:)inFig. 3 Thus when ﬁsing the Mach-Zehnder interferomater
we require the coherence length tc »e greater than /c, the required physical . ath-
length difference between the two arms of the interferometer {Fig. 7). Likewise. /C is
the extra pathlength differernce cver which we must image in order to oblin cquai dif-

fraction pathlenglhs when using the grating interferometer of Fig. I intugrated with

the optical system of Fig. 5.

Here we have considered two systems; the grating interferometer, which 1s limited
in fringe contrast by the number of lenses introduced into the system, .nd ihe mcdi-
fied Mach-Zehnder interferometer, which is limited in the number of fringes obt.irabl.
and by the coherence length of the laser being used. With these two systems almost
any range of positive HOE's desired can be obtained using broad source mono-

chromatic illumination.

5.3 Diffraction Efficiency

We desire that the diffraction efficiency of HOES made with light of reduced ccher-
ence be comparab'e to those made with cohcrent light. Thus, the fringe contrast of
HJES should be high over the entire recording area and ior even the highest speatial
frequencics. Theoretically, such a high countrast fringe pattern wili be produced, but

any system defects will tend Lo lower fringe contrast us the source iu breadened
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Various HOES were recorded with the interferometric arrangemont o Fig -~ ol
Jor ccherent iliuminatien and for ilwamination of reduced coherence  Ihe 1HOLS hus
produced had a mean spatial frequency of 300 cycies per mm, the hizhest and i
lowest soatial froquencics being 100 and 400 respectively. Three scurie s.er wers
used: a point source and sources of angular subtense .0:0 rad. and 008 rad meea-~-

ured at the collimeter.

A set of HOES was made for each of the three source sizes and the diffraction ffi-
ciency measured. The results, shown us the difiraction efficiency vs. exposure cur.. of
Fig. 8. indicatrs that diffracticp efficienicy has decreased somewhat vty mercasirg
source size, but not to a significant degree. High diffraction efficiency {say, 80 to 97
could be obtained by either bleaching or recording on dichromated jetatin for the

optimal exposures cl any of the source sizes used

It appears that the greatest loss of diffraction efficiency arises from :yt-on
imperfections, such as field curvature, which causc the surface of iringe localicalia te
depart from the iceal pianar shape, and the recording plate wili therefore he .~
places, outside the surface of highest fringe contrast. Assuming that such aberrai:ons
were absent, there remain two factors that affect diffraction efficicncy 1irst, the
noise reduction is a smoothing process, wherein spatial freq.iency eneray represent:nz
noise is converted to an ambient background. This results in a i033 of [ringe cantras
and resulting diffraction efficiency. Since the noise, even in a ralher noisy [ringe pat-
tern, has a power thal is ouly a sraai’ fraction {a few percent) of thal in the signal. tiv -
contrast loss for this effect should be similarly small. On the other hand. the presence
of noise means locally that the beam ratio may bc dilferent from Lthe nominal or uver-
age beamn ratio, and the fringe contrast is thus lowered In addition. the resuiting ccai
mean exposure may not be optimum, again providing lower diffraction efficiency

Thus, as we broaden Lhe source, we find factors that decrease the diffraction efficiency
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Diffraction erficiency vs. intensity

transmittance. Solid curve--using coherent

source, Dotted curve--using source of angular

extent ,005 radian.
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and others< ihat increase il, and it appears that rigorous analysis s requircd te aoeor-

tal: how these opposing iartors haiance

5.4 Noise

To investigate the noise, various types of data were ccllected. First, HCES were
made asung the geating interferomeler setluy of Fiz. 1, wilth ~n extended sourece of .o
.00 rad. Second, HOES were made the same way, but with a nonbroadcened soiirce
The rezults show the enormous noisc reducing effect of the coherence recu. ticn, nut
the conparison is not enlirely realistic, since the interferomelsr covi-ais ncise
souarces, suchi as gralings, that wouid not be present i the normag UG- aiing, Sy --
tem. Thus, to test the efficacy of the method, the comnparison should be made with

coherent illumination in a conventional i'Go-fornitng systen

We have distinguished two HOE-forming systems. cach rather simpic Ir on:.
interference is obtained between two divergent beams, and in the other. betwon o
diverging and a converging beam. The former produces a HOE designed {or use - < a
negative lens, and the latter a 1iOE designeu for use as a pesidve lens. In tic {or.ner
case, light emanates from two pinholes, with no optical eiements between pinticic and
recording plate. Thus, the entire pattern should be quite free from setup ncise except
for back reflections from the recording plate, and experience shows that with gnod film
backing, this can be negligible. !n the second case. a lens must be rlaced downstream
fror. the piniole in cne of the beams; this lens s unavoidably a noise source <ince
positive lenses are far more common than negative lenses, the system with the noise-

producing lens will be the usual case.

In general, noise on either of the two interfering beams will ve reccrde:i and will
anpear in the beam geverated by the holograin. ilowever, this nvisc can be "nminir izew
by proper hologram construction procedures. Supposc ove of the beams has a noise

n{x,y) = in, exp (id), i.e. ooth an aniplitude and a phise ccmeonhent. Un e wa- s of




conventional first order the.ry, both the amplitude and the phase comnanerts ¢f the
noise will be modulated crte Lie fringe patteric end with apbear in ty o0 onst wcteo
beams. However, it i1s possible t¢ considerably reduce, somatimme: alnisac ching at-
‘he amplitude cuomponeat, n,. ¥ diffraction efiiciency is plotted as a funation f ¢ pe-
surec, the resulting curve typically shows a.broad, flat maximum. Thus, if cnc ..us to
record at the center of the maximum region, but missces the preper exposure by

small amount, the diffraction cfficiency is not affected.

Now, suppose one of the twc beams to have an amplitude noise 'n; of =i raago-
Uiz, so that Lhe bearn has a spatial fluctualion across il of purhaps 97 Cornso-
quently, the total exposure re zetved by the recording plate will vary by some similur
amount, or ~ctually less, if the other beam is uniform. Bul, since the difiracticn effi-
ciency is inscnsitive to these exposure variations, the noise amplitude fluctuauons n
wil! not appear in the reccnstructed beam, i.e . amplitude aoise 15 suppressed Thie
suppression may be in fact only partial, since Lhe fluctuations aiter nct only the expo-

si:re, but ulso the fringe contrast, and the lowered contrast results genzrally in HOES

ol lower diffraction efficiency.

However, the noise suppressicn that on taiance resuits can be rather dramatic
For cxample, we recorded a fringe pattern about 1 cm? 10 separate times on different
portions of a plate with different exposures. The exposed areas that had the bighest d:f-
fraction efficiencry wcre also found to diffract the most uniformly. Thaus, the nen-
linearities uk the recoriing process indecd oifer a significant mechanism for supptes-

sion of amplitude noise

In the first noise experiment, the HOES were photographed through a mucruscope
al various magnifications, results being shown in Fig. 7. Figures 7 a and d show the
HO!. made in the grating interferometer with an extended source at two diiferent mag-

nifications, and Figs. 7 ¢ ana d show the same, but with a poin' source. lhe no:se is
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selup noise produced by defects in Lhe optit al elements The pictures shoa 'iow oifec-
vvedy Lhe fighel Paaiad JPeil Ney NoGSE 1F ciimibateyd, wic ko < tRe very i et e
quency noize is on!y partly removed by the reduction in spatiel ccherence. Not show:n
1s *h» result for 1 HOE made in Lhe conventional setup, both for the case of nc ien-an
etther beatn bevend the pinholes, in which case the hologram is quite noise {tec, and
for the case of a lens in one beam, yielding & result int.:rmediatc > 2tween the cchreren:
and the incoherent ceses of Fig. 7

Of greater significance is the amount of noise tha! i (o be seen 1n the first di’-
fracted order Indeed, it 1s corcetvable, ulthecugh unikeiy, that rone of the ne e visi-
ble on tiie photograph ol Fig. 4 is pr-sent in the first diffracted oider. To exam:ne the
first diffracted order, a white light source of moderate, but niot lc ~z¢, cxvtent ‘a micro-
scope illum‘nator) was used, the HOE was reimaged through a unity magnilication
telescopic systern, and a spatiadl filter removed all diffractive orders cxeept fer une
first order beam. The results, not shown hare, are comparable to Fig. 7. IL was also

found that the highest diffraction efficiency exposures gave the least amp!itude noise
Inl.

Since pract’cali HOES are phase holograms, and :=iice the ampiitude-to pihase
transformation amplifies th= noise, we bleached scme HOES and repeated the observa-
tion of the first order. At low magnification, noise is simiiar to that of Mg 7 was

observed.

Higher magunilication revealed, however, yet ancther noise, much finer and basi-
callv different in appearance. This is shown in Fig. 8. Figure Ba. inade wilth a coherent
beam contaiuing no optical elements downstream firom the pinhole, reveaied a noise-
free field, except for a fnw spots and soine grain noise, both preduced by the film that
recorded the beam. Similariy, Fig. Bb shows the reosult for a grating interferonieter,

containing various lenses and gratings, using an extended source. There is a small
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trace of noise that we attribute to the HOFR {the low frequency motthrz, not the much
fiier grain noixe}. i gure B c-e shew the resull for the conventina cosel wilh a s
lens in one beam. The noise level is considerable. In Fig. B¢, the camera is forussed on
the emulsion, whereas in Fig. 8 c-e, Lhe focus is moved slightly to cne si.ic of Lhe emul-
sion, on the order of .5 Inm. Again the small black spots are not relerant. The noise is
enorriously greater for the defocussed position. The noise thus abpears Lo be pred..m-
inately phase noise. It almost completely disappears when the emulsion was cevered
using a cover glass with xylene between the two glass surfaces. The noire thur is found
to be a surface reiief and the emulsion surface thus exnibits an orange pce!l efiect.
This seems somewhat curious, since the bleaching process (R10 bieach) produces «

phase image primarily of the refracted index modulaticn tyvpe, and the brightness of

the first diffracted crder was orly slightiy affected by the Liquid zate

A search for the origin of the noise revealed that it arises from two causes, {hsy,
from diffraction from the aperture edge of the lens., and second, from novise on the
lens The effect could be duplicated with no lens, just a diffracting aperture fir:i=> 1
Lthe beam, or by a large diameter lens, producing no edge diffractior butl huving some

scattering centers (dirt, et} on and in the glass.

Vie also observed the zero order and found again the same noise, but les: intense
We luured for traces of such noisc on the unbleached HOES but falled to find any . Cur
presumption is that the noise is present on the unbleached plate, but at a lcvel too low
for okbservation. The bleaching process amplifies the noise, bringiing it up Lo a visible
level.

These noise measurements, by no means exhaustive, indicate that whenever
scattering slructures are present in one of the two beams in a HOE-making s\ stem the

reduced coherence method will remove almost all the noise, excep! ‘hat of ver: 'ow
P :

spatial frequency. However, if there are no scattering structures, the use of cohercnt
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Fig. 5.8

Magnified image of surface of HOE, imaged in one 1 st

order only. a. HOE made with two diverging beams,
and no optics between pinhole and recording

plate, No noise visible, except for some emulsion
defects on HOE surface. b. HOE made with grating
interferometer, and lenses in system. Faint noise
(mottling) is seen. c¢. HOE made in conventional
system, with one lens in one beam. Some noise is
seen., d. Microscope focused to one side of image '

plane (about .1 mm.) Noise is greater, e, Same as

d, but on other side of image plane,
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lizht will do quite well ard is preferred because of the simplicity 4

| -

5.5 Concluding Comments 2

:

' - I'ne resuits presented here, although by no means exhaustive, elear'y ridicceie that ;

‘ HOES made with light of reduced coherence can have diffraction efficiency comparabple 1
o HCES made by the conventional coherent methods, and may bave signdicartly

better SNR. Tinaily, the reduced coherence methods are quite versatile.
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8. New Discoveries

The principal new discovery was of a way to make, by spatially incoherent higat,

12}

HOES of any conjugate focal planes. This is the generalization of the rather spe ifi:

intethod for incoherent light 1IOE generation we previousiy described.
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